The North Atlantic Ocean and Northwest European shelf experience intense low-pressure systems during the winter months. The effect of strong winds on shelf circulation and water properties is poorly understood as observations during these episodes are rare, and key flow pathways have been poorly resolved by models up to now. We compare the behaviour of a cross-shelf current in a quiescent period in late summer,
identified and subsequent observations rejected. For further information on quality control of drifter data, see Porter et al., (2018) .
To exclude high frequency motions such as tides and inertial oscillations from the drifter tracks, the data were 120 filtered with a 10 th order zero phase Butterworth low pass filter with a cut off at 2 cpd. Gaps in positional data were linearly interpolated with a maximum gap size of 20 hours. Drifter velocities were calculated using displacements from the filtered location data.
Tiree Passage Mooring (TPM)
The TPM is situated in northern Tiree Passage at 56.6 °N, 6.4 °W in 45 m deep water. Hourly current and
Modelled particle tracking study
To test the implication of the observed drifter trajectories, we conducted a series of offline particle tracking experiments using AMM15 modelled velocities, with daily mean full-depth U/V velocities obtained from a 155 hindcast for the period of interest. From this dataset, horizontal velocities at 20 m and 70 m depth were extracted to coincide with the TPM and drifter observation depths. We contrasted two periods sampled by the drifters; 1 st to 11 th August 2013 and 15 th to 25 th December 2013. In each case, the 10-day interval was deemed an 'observation period'. Particles were released at daily intervals across the local model domain for the 40 days preceding the observation period ( Fig. 3) . Particles which were advected into the observation polygons during 160 the observation period were identified, and their release location noted. The experiment was repeated 5 times resulting in a total of 200 unique particles being released from each location in Fig. 3a . Our analyses focus on the origin of the particles which reached the observation polygons on the inner shelf.
The particles were tracked using a 2D Lagrangian scheme. The 2D location of a particle ( , ) at time is 
where ∆ is the model time step, ( , ) is the 2D model velocity at the particle location and is a 'random walk' diffusive component (following Gillibrand and Willis (2007) and van Sebille et al., (2018) ):
where is a real random number ( [−1, 1]) and is the horizontal eddy diffusivity. For the 1.5 km model 170 grid of AMM15, a diffusivity of 1 m 2 s -1 was chosen to reflect the low lateral momentum diffusion used in the model physics.
Results

Drifter study
In this study only the on-shelf portion of drifter tracks (depth < 200 m) are investigated; for a detailed analysis 175 of shelf-edge dynamics from the drifter observations see Porter et al., (2018) . The drifters were initially released into the slope current but diverged at the canyon system at 55.5 °N with some moving offshore and being advected southwards for a time before crossing the shelf edge, and others moving on-shelf north of the release point. The periods of drifter transit of the Malin shelf can be split into 2 groups: the first group crossed the shelf edge in August and September 2013, whereas the second group initially recirculated in deep water 180 before moving on-shelf in mid-December 2013. We use only tracks from drifters drogued at 70 m as this enables a comparison between the behaviours of the autumn and winter groups. Shallow bathymetry prevents the 70 m drifters from passing through Tiree Passage, but as flow on the outer Malin shelf is close to barotropic in December (Davies and Xing, 2003; Ellett and Edwards, 1983; Jones et al., 2018) we consider these results to be somewhat representative of near-surface currents.
185
Cross-shelf drifter progress in the complex Malin shelf region is dependent on local bathymetry and the location each drifter crossed the shelf edge. However drifters from both groups were advected eastwards in the AIC and passed through the same region north of Ireland, so the time taken to reach this point from the shelf edge provides a metric of cross-shelf progress (Fig. 4 ). Beyond this point the tracks turn northward and scatter, and inter-comparison of drifters once again is problematic. Consequently, we chose a meridional line at 8 °W
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(roughly mid-shelf) to define drifters as having reached the inner shelf and by implication, being on a track which passes near to or terminates at the Scottish coastline.
Seven drifters travelled between the shelf edge and 8 °W in the AIC during August / September 2018, and 2 drifters transited this route in December 2013. A visual comparison of tracks in Fig. 4 shows that drifter speeds were typically between 10 and 20 cm s -1 in group 1 (August 2013). One of the drifters in Fig. 4a briefly crossed 195 the shaded region delineating 70 m bathymetry without any indication of seabed interference in its strain gauge;
we speculate that there may be errors in the bathymetry in this region. (Porter et al., 2018) the peak drifter speeds of 60 cm s -1 observed in this study suggest that oceanic water import via the AIC may briefly reach 0.48 Sv. This may be near the upper limit for transport of oceanic water towards the coastline in the AIC, based on the long-term salinity and current observations at the TPM.
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To appraise the meteorological and oceanographic conditions on the shelf during the experiment, we compared the periods of drifter shelf transit with time series of reanalysis wind data on the Malin shelf, the 20 m current speed at the TPM and the 20 m salinity at the TPM (Fig. 5 ). Note that the TPM was undergoing maintenance during the early drifter experiment so TPM current speed and salinity data commence in late August 2013. The cross-shelf transit time of drifters in group 1 (August 2013) is between 18 and 42 days. Wind forcing during 210 this period is typical for the time of year at this location, with numerous short episodes of SW-NW winds of 10-15 m s -1 . In December 2013 however, three unusually strong westerly wind events occurred during a period dominated by westerly airflow. We can see from precedes an increase in along channel currents at the TPM from ~5 cm s -1 to greater than 30 cm s -1 to poleward 215 (Event B). Salinity at the TPM increases abruptly from 34.5 to 35 on 14 th December 2013 (Event C) and remains almost continually above 34.75 until 30 th December 2013. The drifters transiting the shelf during this period do so in 6 and 10 days respectively.
Modelled particle tracking
The combination of drifter observations and the TPM salinity observations provides contrasting snapshots of 220 cross-shelf flow during intense storms and a more quiescent period. However, the observations are in some ways not comparable: for example, when analysing the storm event, we compare the salinity at the TPM at 20 m depth, and the behaviour of drifters drogued at 70 m depth which could not pass through Tiree Passage due to its shallow bathymetry. To present a more compelling picture of the periods under investigation, we supplement these observations with a series of particle tracking experiments. Specifically, we seek to answer the question: A measure of typical particle advection times can be obtained by colouring particle origin cells by the average time their particles took to arrive at the observation polygons ( Fig. 7) . Note that Fig. 6 and Fig. 7 were produced using separate (but identical) particle releases, and thus exhibit small differences in particle distribution due to 245 the diffusive component of the particle motion. Again, the contrast between the 20 m particles in August, and those in December, highlights differences in the origins of the water. The source region of the December particles includes a broad section of the shelf edge whereas in August the waters are sourced exclusively from the shelf. In addition, the December distributions indicate a relatively rapid pathway between the shelf-edge at 55 °N and the observation polygons, such that particles originating at this location can be expected to arrive at 250 the coastline in 20-25 days.
Discussion
In this study we examined a period of intense shelf sea flows driven by a cluster of low-pressure systems. The salinity and current speeds measured at the TPM during this event were amongst the highest measured by the mooring during its multi-year occupation. The spike in salinity at TPM, coupled with the trajectories of two 255 drogued drifters, confirmed that the origin of the water passing through Tiree Passage switched to the outer shelf during this period. In Section 4.1 we discuss the rapid (1-2 day) increase in currents in terms of the dynamic response to wind-induced pressure gradients on the Northwest European Shelf. This precedes the increase of salinity at the TPM by 8 days which we interpret as the time taken to advect high salinity water from a remote location in the enhanced shelf currents. The nature of the high salinity intrusion is discussed in Section 4.2. We 
Dynamic response of the Malin shelf to wind forcing
There is strong evidence in the literature that wind-induced pressure gradients can quickly setup or enhance 265 currents on the Malin shelf, and that their pathways are influenced by the wind direction (Davies and Xing, 2003; Inall et al., 2009; Jones, 2016; Xing and Davies, 2001) . Similarly, the flow through the North Channel of the Irish Sea onto the Malin Shelf is highly correlated to wind aligned with the channel with a lag time of a few hours (Bowden and Hughes, 1961; Brown and Gmitrowicz, 1995) . We may expect a rapid setup of inner shelf currents in response to a wind-induced surface pressure gradient as the barotropic adjustment time will be 270 limited only by the speed of a long wave in shallow water. This speed is set by √ ℎ ≈ 30 m s -1 which equates to a shelf-wide effect within a few hours. In addition, an abrupt onset of flow will be subject to inertial effects, so that it may take one to two days for a stable flow to become established.
If we consider the AIC and Tiree Passage to be subject to the same forcing influences, one might expect a link to exist between the speed of the drifters tracking the AIC and the poleward current speed concurrently 275 measured at the TPM. However, we find little coherence between these measures (not shown), though both the drifters and the TPM do show increased current speed in December compared with August. We surmise that the instantaneous sub-tidal speed of the drifters is a complex aggregate of wind-driven currents and local bathymetric flow intensification, so their speed does not correlate simply with that measured at the fixed mooring. 
Advection of salt tracer
As a tracer of oceanic-origin water, the transport of salt is limited by the current speed on the shelf, and the 8day lag between the increase in current speed and the onset of high salinity at the TPM points to the advection of the high salinity water from a remote source. This lag period is in accord with the time taken by the December drifters to reach the inner shelf from the shelf edge (between 6 and 10 days).
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Integrating the TPM poleward current flow over the interval between the onset of enhanced flow (6 th December 2013, Event B) and the arrival of high salinity water at the TPM (Event C, 14 th December 2013) gives a total displacement of 145 km. If we assume this water arrived in Tiree Passage via the AIC, the minimum distance from the shelf edge to the TPM via this route is 210 km, and the December drifters in fact crossed onto the shelf further south (54.75 °N, Fig. 4b ) necessitating travel of at least 270 km to reach the TPM from the shelf edge at 290 this location. It therefore seems likely that high salinity water was already residing on the shelf prior to the first storm on 5 th December 2013. The presence of near-oceanic water on the outer shelf is supported by observations of salinity distribution Jones, 2016) , radioisotopes tracking coastal water extent (McKay et al., 1986; McKinley et al., 1981) and distribution of other water properties such as temperature, chlorophyll and nutrients on the shelf (Ellett, 1979; Ellett and Edwards, 1983; Siemering et al., 2016) . In order 295 to produce the observed lag at the TPM, we estimate that the high salinity water originated at approximately 7.9
°W at the latitude of the AIC, which is the location of maximum particle origin percentages in Fig. 6c .
Unlike salinity, the temperature measured at the TPM (not shown) does not exhibit any notable deviation from the expected seasonal cooling at the time of the HSP investigated here. This is because there is very little difference between oceanic (near surface) and coastal water temperatures on the Malin shelf in December (Ellett and Edwards, 1983; Inall et al., 2009; Jones et al., 2018) . A change in water origins from coastal to oceanic, however abrupt, would therefore have little impact on water temperatures at this time. However, between January and March coastal waters are cooler (6-8 °C) than the adjacent ocean (9-10 °C) so we would expect a similar event during this period to increase coastal water temperatures in western Scotland.
Particle release 305
The model particle releases demonstrate a striking contrast between shelf behaviour in August 2013 and that during the storm event in December 2013. As might be expected from the evidence thus far, current speeds were slower in August and particles in the observation polygons originated more locally over the 50-day tracking period. This was true both for particles in the seasonal thermocline (20 m) and below it (70 m). By contrast, most particles tracked during the storm event originated between the mid-shelf and the shelf edge. The
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long transit time of the August particles would be associated with greater mixing between oceanic and shelf waters before reaching the coast. We would therefore expect that the high salinity associated with the inflow would be more dilute than during December. The preferential across-shelf pathway taken by most particles in Figure 6d closely matches the route taken by the two drifters in Fig. 4b . This supports the notion of the AIC as a narrow, jet-like current which was proposed by Porter et al., (2018) . Further clarity on the modelled flow is 315 obtained by comparing the average modelled current speed during the two 10-day observation periods (Fig. 8 ).
The key difference between the August and December observation periods is the rapid across-shelf flow in December, which is not present during August. This disparity illustrates why most particle recruitment in August was restricted to the inner shelf: there was no pathway to enable transport from the shelf edge. In December, on-shelf flow exceeded 0.3 m s -1 in much of the AIC at 20 m depth and the pattern is similar, though 320 slightly weaker, at 70 m depth.
Due to the design of the release and observation periods we might expect about 1 in 5 local releases to result in an observation in the polygons given steady flow. This is because particles were released over a period of 50 days, but were only tallied in the observation polygons for the final 10 days of the experiment (Fig. 3b) only a small proportion of 20 m particles crossed from ocean to shelf. Graham et al. (2018b) reported an onshelf volume flux of roughly 5 x 10 4 m 3 s -1 per 60 km shelf-edge in this region which is higher than most other sections of the European shelf edge. Given the evidence presented here for mid-shelf flows perhaps an order of magnitude greater during the stormy period, it is unsurprising that particles appear to be recruited from a broad swathe of the shelf edge before converging in the AIC. We find some preference for the recruitment of particles 335 at the canyon systems around 55 °N and 55.5 °N (Fig. 7) in agreement with the behaviour of the drogued drifters (Porter et al., 2018) . These canyons appear to cause a breakdown in slope current stability leading to greater 
